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α-RuCl3 has attracted enormous attention since it has been proposed as a prime candidate to
study fractionalized magnetic excitations akin to Kitaev’s honeycomb-lattice spin liquid. We have
performed a detailed specific-heat investigation at temperatures down to 0.4 K in applied magnetic
fields up to 9 T for fields parallel to the ab plane. We find a suppression of the zero-field antifer-
romagnetic order, together with an increase of the low-temperature specific heat, with increasing
field up to µ0Hc ≈ 6.9 T. Above Hc, the magnetic contribution to the low-temperature specific
heat is strongly suppressed, implying the opening of a spin-excitation gap. Our data point toward
a field-induced quantum critical point (QCP) at Hc; this is supported by universal scaling behavior
near Hc. Remarkably, the data also reveal the existence of a small characteristic energy scale well
below 1 meV above which the excitation spectrum changes qualitatively. We relate the data to
theoretical calculations based on a J1–K1–Γ1–J3 honeycomb model.
α-RuCl3 is a Jeff = 1/2 Mott insulator with a layered
structure of edge-sharing RuCl6 octahedra arranged in a
honeycomb lattice [1–8]. It has been suggested [9, 10]
that strongly spin-orbit-coupled Mott insulators with
that lattice geometry realize bond-dependent magnetic
“compass” interactions [11] which, if dominant, would
lead to a quantum spin liquid (QSL) ground state as
discussed by Kitaev [12]. This exotic spin-disordered
state displays an emergent Z2 gauge field and fractional-
ized Majorana-fermion excitations relevant for topologi-
cal quantum computation [12–15].
While α-RuCl3 displays magnetic long-range order
(LRO) of so-called zigzag type, it has been proposed
to be proximate to the Kitaev spin liquid based on its
small ordering temperature and its unusual magnetic ex-
citation spectrum [16–18]. The magnetic interactions be-
tween the Ru3+ magnetic moments are believed to be de-
scribed by a variant of the Heisenberg-Kitaev model [10]:
Electronic-structure calculations indicate that the Kitaev
interaction in α-RuCl3 is ferromagnetic and indeed de-
fines the largest exchange energy scale [19, 20]. However,
the debate about the spin model most appropriate for α-
RuCl3 – likely to include Heisenberg and off-diagonal ex-
change interactions, possibly also beyond nearest neigh-
bors – has not been settled [19–28].
The physics of α-RuCl3 in an external magnetic field
promises to be particulary interesting: It has been re-
ported [29, 30] that magnetic ordering disappears for
fields of the order of 10 T (depending on the field direc-
tion), and NMR measurements performed down to 4 K
have indicated the formation of a sizeable spin gap at high
fields [30]. Additionally, numerical exact-diagonalization
studies of an extended Heisenberg-Kitaev model found
hints for a transition from zigzag magnetic ordering to a
spin-liquid state when applying a magnetic field [19].
In this Letter, we report a careful heat-capacity study
of α-RuCl3 down to low temperature T of 0.4 K in in-
plane fields up to 9 T. We confirm the field-induced sup-
pression of LRO at a critical field of µ0Hc ≈ 6.9 T and
provide a detailed account of the field evolution of the
spin gap: This is small below Hc, closes at Hc, and
progressively grows above Hc. The specific-heat data
displays universal scaling consistent with the existence
of a quantum critical point (QCP) at Hc. The scaling
analysis yields critical exponents d/z = 2.1 ± 0.1 and
νz = 0.7± 0.1 where d is the space dimension and ν and
z are the correlation-length and dynamic critical expo-
nents, respectively. Based on explicit calculations for a
J1–K1–Γ1–J3 spin model we argue that the specific-heat
behavior near Hc implies a mode softening at Hc that
accompanies the disappearance of magnetic order. The
observed violations of scaling for T ≥ 3 K indicate the
presence of an intrinsic sub-meV energy scale near the
QCP which we interpret as signature of Kitaev physics.
Experimental: High-quality single crystals of α-
RuCl3 were grown by a vacuum sublimation method. A
commercial RuCl3 powder (Alfa-Aesar) was thoroughly
grounded, and dehydrated in a quartz ampoule at 250◦C
for two days. The ampoule was sealed in vacuum and
placed in a temperature-gradient furnace. The temper-
ature of the RuCl3 powder was set at 1080
◦C. After
five hours the furnace was cooled to 600◦C at a rate of
−2◦C/h. The magnetic properties of the crystal were
checked through measurements as a function of T and
H using a Vibrating Sample Magnetometer (Quantum
Design) with SQUID detection (SQUID-VSM), see sup-
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FIG. 1. (color online) (a) Temperature dependence of the spe-
cific heat, plotted as Cp/T , of α-RuCl3 for different magnetic
fields up to 9 T ‖ ab. (b) As before, but showing the magnetic
contribution to the specific heat after phonon subtraction on
a log-log scale, for details see text.
plement [31] for the magnetic characterization. Specific-
heat measurements were performed on a single crystal
(m ∼ 7 mg) between 0.4 K and 20 K using a heat-pulse
relaxation method in a Physical Properties Measurement
System (PPMS, Quantum Design), in magnetic fields up
to 9 T parallel to the ab plane.
Results: The low-T specific heat Cp/T as a function
of temperature in different applied fields is shown in Fig.
1(a). The zero-field curve reveals the good quality of the
sample, with a single magnetic transition at TN = 6.5 K
determined from the peak position. By applying a mag-
netic field the peak becomes broader and the transition
temperature is gradually suppressed. Finally no thermal
phase transition is detected for fields higher than 6.9 T,
i.e., magnetic LRO disappears.
In order to extract the magnetic contribution to the
low-T specific heat, the data were analyzed by subtract-
ing the lattice contribution from the experimental Cp(T )
data by measuring the non-magnetic structural analog
compound RhCl3 in pressed polycrystalline form. The
difference of mass and volume between the Rh and Ru
compounds was accounted for by scaling the experimen-
tal specific heat curve by the Lindemann factor [32],
which was found to be 0.98. With the aim of ruling
out possible errors due to non-perfect sample coupling
during the measurements, the phononic contribution was
FIG. 2. (color online) Exponential fit of CmagT in order to
extract the excitation gap for magnetic fields (a) 5 T≤ µ0H ≤
6.8 T and (b) 7 T ≤ µ0H ≤ 9 T. The data at 6.8 T cannot be
meaningfully fit by an exponential, i.e., the gap is too small.
also calculated for RhCl3 by density-functional theory,
see supplement [31]. This approach confirmed that the
phonon subtraction based on the experimental data is
consistent with the theoretical calculations for T ≥ 1 K.
The temperature dependence of the calculated mag-
netic contribution to the specific heat is shown in Fig.
1(b). In the lowest-T region, T ≤ 3 K, an increase of
Cmag/T with the applied field could be observed up to
µ0H = 6.8 T. Increasing the field even further, the op-
posite behavior is revealed: the magnetic contribution
starts to decrease with field up to the highest field of 9 T.
Hence, low-T entropy accumulates around 6.8− 7 T. Re-
markably, around 6.9 T the magnetic specific heat dis-
plays an approximate power-law behavior between 0.4
and 2.5 K, with Cmag ∝ T x with x ≈ 2.5. Together,
these observations imply the existence of a field-induced
QCP [33, 34] at µ0Hc ≈ 6.9 T.
Excitation gap: The lowest-temperature data away
from the QCP, with a gradual suppression of Cmag(T ),
indicate the opening of a magnetic excitation gap, Fig.
1(b). The simplest model of a bosonic mode with gap ∆
and parabolic dispersion in d = 2 predicts that Cmag ∝
exp[−∆/(kBT )]/T , see supplement [31]. According to
this, the experimental CmagT data were fitted to a pure
exponential behavior in order to extract the energy gap.
The results are shown in Fig. 2.
Two key observations are apparent: First, the data
below about 1.5 K indeed show an exponential suppres-
sion of Cmag, and the corresponding gap is minimal near
3FIG. 3. (color online) Scaling plot of Cmag(T,H), showing
Cmag/T
d/z versus T/(H−Hc)νz, here for µ0Hc = 7 T, d/z =
2.1, and νz = 0.7. The two panels shows fields (a) slightly
below and (b) slightly above Hc. The universal piece in the
upper (lower) panel corresponds to the scaling function f−
(f+) in Eq. (1).
the putative QCP at µ0Hc ≈ 6.9 T. It varies monotoni-
cally on both sides of the QCP, consistent with theoreti-
cal expectations [33, 34]. (Note that a symmetry-broken
phase below Hc should also display a gap, as no Gold-
stone modes are expected due to the presence of strong
spin-orbit coupling.) Second, the data above ∼ 1.5 K
do not follow an exponential behavior (at least not in the
field range studied here); in fact Cmag/T between 1.5 and
5 K appears more consistent with a power law, Fig. 1(b).
This indicates that the density of states of magnetic ex-
citations changes its character at a small energy scale of
a few tenths of a meV [31].
Scaling analysis: In order to further substantiate the
QCP hypothesis, we have performed a scaling analysis
of Cmag(T,H). Provided that hyperscaling holds, the
critical contribution to the specific heat is expected [33,
34] to scale as
C = T d/zf±(T/|H −Hc|νz), (1)
where f± are universal functions describing the scaling
for H > Hc and H < Hc, respectively, and the argument
T/|H − Hc|νz is made dimensionless by using suitable
units. Plotting the specific heat as C/T d/z as a function
of T/|H − Hc|νz, separately for H . Hc and H & Hc,
we find an approximate data collapse for d/z = 2.1±0.1,
νz = 0.7 ± 0.1, and µ0Hc = 6.9 ± 0.1 T, see Fig. 3 for
an example. (Note that the data cannot be collapsed
with d/z = 2.5.) For comparison, the supplemental
FIG. 4. (color online) T -H phase diagram for α-RuCl3 : mag-
netic ordering temperature and energy gap as a function of
the applied magnetic field ‖ ab. The dashed line corresponds
to the fit of the gap function to ∆ ∝ |H−Hc|0.7. Additionally,
the magnetic entropy Smag(T,H) is shown in color scale.
Fig. S5(c) shows the scaling collapse of specific-heat data
obtained from a spin-wave-based model calculation for
a field-driven QCP in a J1–K1–Γ1–J3 model, for details
see Ref. 31. The agreement reinforces the notion of a
field-induced QCP in α-RuCl3 .
It is instructive to analyze deviations from scaling in
Fig. 3: (i) None of the data sets realizes the critical power
law Cmag ∝ T d/z, indicating that the critical point has
not been reached precisely. The most likely reason is
sample inhomogeneities, e.g., caused by crystallographic
domains with different in-plane orientation. These would
lead to a distribution of |H−Hc| values due to anisotropic
g factors and hence to a smearing of the QCP. (ii) Only
data below 3 K follow the approximate scaling; this is
particularly clear from Fig. 3(a) where the specific-heat
peaks corresponding to TN do not scale. This again im-
plies the existence of a small energy scale, only below
which standard quantum critical scaling applies.
Phase diagram: Our findings are summarized in the
phase diagram, Fig. 4, which displays the Ne´el temper-
ature (from the peak position in Cp/T as a function of
T ) and the gap values extracted as in Fig. 2. The loss
of magnetic order at Hc is accompanied by the closing of
the magnetic excitation gap ∆. Figure 4 also shows the
magnetic entropy Smag, obtained from integrating the
specific-heat data from Fig. 1(b). Focussing on Smag(H)
at fixed T , the entropy accumulation near Hc is clearly
visible, as is the gap formation at elevated fields.
According to standard scaling, the gap values should
follow a power law ∆ ∝ |H − Hc|νz. This is approxi-
mately obeyed by the experimental data with νz = 0.7,
but deviations are visible very close to Hc. These devi-
ations could in principle arise from the transition being
weakly first order (in which case the gap would not van-
4ish at Hc). We have checked this possibility by perform-
ing field sweeps at 1.8 K searching for hysteresis [31].
However, the detected hysteresis in M(H) is tiny, pre-
sumably arising from defects, such that we can exclude
intrinsic first-order behavior. Hence, the deviations from
power laws likely originate from sample inhomogeneities
as discussed above. Alternatively, the formation of an
additional narrow low-T phase near Hc appears possi-
ble, as theoretically predicted in Ref. 35 for the classi-
cal Heisenberg-Kitaev model; this requires more detailed
low-T measurements as a function of continuous H.
Mode softening and nature of the high-field phase: We
now return to the specific-heat data and discuss them
in the context of theoretical scenarios for the quantum
phase transition (QPT) at Hc. The data show that LRO
is lost above Hc. If the QPT at Hc is continuous then this
should be accompanied with a soft mode, i.e., the high-
field phase should display a gapped mode with gap ∆→ 0
as H → H+c , with this mode condensation establishing
zigzag LRO below Hc. The specific-heat data above Hc
is consistent with these considerations.
An exciting possibility is that the phase above Hc is a
field-induced spin liquid, accompanied by topological or-
der. Then, the mode which softens at Hc would presum-
ably correspond to an excitation of the emergent gauge
field (dubbed vison for a Z2 spin liquid). The field-
induced spin liquid cannot exist up to arbitrarily high
fields, i.e., a second QPT at a higher field Hc2 should
exist where the spin liquid is destroyed in favor of the
high-field phase; this has not been experimentally tested
to date. While indications for a field-induced spin liq-
uid in Heisenberg-Kitaev models were found in numerical
simulations in Ref. 19, a full theory is not available.
Alternatively, the phase above Hc could be adiabati-
cally connected to the high-field limit, and the soft mode
would then correspond to a high-field magnon. We note
that such a magnon condensation is rather different from
that in an SU(2)-symmetric Heisenberg magnet due to
spin-orbit coupling: First, the zero-temperature magneti-
sation above Hc can be far below saturation. Second,
due to the low symmetry the QPT is not of BEC type
(z = 2, ν = 1/2) but generically in the Ising universality
class (z = 1, ν = 0.630 in d = 2) .
We have studied this type of magnon-condensation
transition in the framework of an appropriate J1–K1–
Γ1–J3 model [20] in some detail, see supplement [31].
Within our semiclassical approach, the critical exponents
of the transition are ν = 1/2 and z = 1. The results
[31], including the value of Hc, appear in semiquantita-
tive agreement with the experimental data. This lends
further credit to the presence of a field-induced QCP in
α-RuCl3 , but does not allow us to conclusively identify
the nature of the high-field phase. We also note that
the theoretical calculation shows the presence of an ad-
ditional energy scale arising from strong van-Hove sin-
gularities in the magnon band structure at high fields.
This energy scale varies approximately linearly with field
above Hc but does not vanish at Hc, see Fig. S6. Beyond
the semiclassical limit these elevated-energy features are
likely to loose their sharp-mode character, possibly due
to fractionalization, as has been found in related models
at zero field [36].
Summary: Via low-temperature specific heat mea-
surements we have demonstrated that the frustrated
magnet α-RuCl3 displays field-induced quantum critical-
ity at µ0Hc ≈ 6.9 T applied in the ab plane. The high-
field phase is characterized by a field-induced gap to mag-
netic excitations which is clearly visible below ∼ 2 K. Our
scaling analysis of the low-T specific-heat data yields es-
timates for the critical exponents d/z = 2.1 ± 0.1 and
νz = 0.7± 0.1, consistent with Ising universality. While
we cannot draw conclusions about the nature of the high-
field phase, we believe that the hypothesis of a field-
induced spin liquid deserves further studies.
Importantly, the data also reveal the existence of a
sub-meV energy scale near the QCP above which the
nature of the excitation spectrum changes. It is con-
ceivable that this scale corresponds to a crossover from
more conventional dispersive modes at low energies to
exotic fractionalized excitations driven by Kitaev inter-
actions. Studying the evolution of these excitations at
higher fields is an exciting task for the future.
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Note added: While this paper was being written, par-
allel work [37, 38] appeared on arXiv documenting related
studies of α-RuCl3 in a magnetic field. While Ref. 37 re-
ported gapped magnetic excitations at fields above Hc,
the results of Ref. 38 were interpreted in terms of gapless
excitations in this regime. Interestingly, Ref. 37 quotes
the order-parameter exponent at Hc to be β = 0.28, in
reasonable agreement with the Ising value 0.326, suggest-
ing a conventional Ising transition. However, in both
Refs. 37 and 38 the measurements were restricted to tem-
peratures above 2 K. Our data show that lower temper-
atures are required to reach the asymptotic regime.
∗ These authors contributed equally to this work.
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I. MAGNETIC CHARACTERIZATION OF
α-RuCl3
The temperature dependence of the magnetic suscepti-
bility χ(T ) of α-RuCl3 is shown in Fig. S1 (upper panel)
for µ0H = 0.1 T ‖ ab. Note that the same single crys-
tal was used for the magnetic characterization and the
specific heat capacity measurements. Clearly, χ(T ) ex-
hibits a sharp maximum at ≈ 7.2 K in agreement with
earlier reports on high-quality single crystals, which only
have a very small amount of stacking faults [1–3]. From
the derivative d(χ ·T )/dT the transition temperature sig-
nalling the transition into the magnetically long-range
ordered state is determined to TN = 6.5 K.
From the temperature dependence of the inverse sus-
ceptibility (red line in the upper panel of Fig. S1) a lin-
ear scaling of 1/χ(T ) with temperature T is observed
for T > Ts ≈ 160 K. Ts marks the first-order structural
transition of α-RuCl3 [3]. From a fit of the inverse sus-
ceptibility to a Curie-Weiss law, a Curie-Weiss temper-
ature θCW = +36 K and an effective magnetic moment
µeff = 2.24µB were extracted for H ‖ ab. Notably, the
effective moment is much larger than the spin-only value
of 1.73µB expected for Ru
3+, pointing towards a large
orbital contribution to the magnetic moment.
The magnetization of α-RuCl3 as function of field H ‖
ab measured at 1.8 K is depicted in the lower panel of
Fig. S1. From the derivative curve dM/d(µ0H) two
changes of slope can clearly be discerned at µ0H ≈ 1.2 T
and µ0H ≈ 6.75 T. While the transition around 6.75 T
is in line with the field-induced QCP observed in our
specific-heat study in this work, the one around 1.2 T is
still a matter of debate. Following the change of slope of
M(H) in the low-field regime together with the magnetic
susceptibility at lowest T , the presence of paramagnetic
impurities can be discarded as origin for the low-field
anomaly around 1.2 T. Rather, the anomaly could be
due to a redistribution in domain population occurring
in this rather low field range [4].
∗ These authors contributed equally to this work.
Looking at the hysteretic behavior of our magnetiza-
tion curves for up- and down-sweeps of the magnetic
fields, no substantial hysteresis can be observed for fields
above ∼ 2 T. This is in perfect agreement with our field-
induced QCP scenario at µ0Hc ≈ 6.9 T, and underlines
the second-order nature of the phase transition at µ0Hc.
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FIG. S1. (color online) Upper panel: The magnetic suscep-
tibility χ as function of temperature of α-RuCl3 for µ0H =
0.1 T ‖ ab (left axis). On the right axis the inverse suscep-
tibility 1/χ(T ) is shown together with the Curie-Weiss fit in
the high-temperature regime. Lower panel: The magnetiza-
tion as function of field of α-RuCl3 measured at 1.8 K (left
axis) together with its derivative dM/d(µ0H) (right axis). In
the inset the relative difference of the magnetization for up-
and down-sweeps of the magnetic field ∆M/M is depicted as
function of field.
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2II. PHONON CALCULATIONS FOR RhCl3
A. Computational details
The first-principles calculations were performed with
the projector-augmented wave method as implemented
in the Vienna ab initio simulation package (VASP) [5–
7]. The force-constant matrix was obtained through
the super cell approach within the finite displacement
method [8, 9] taking into account non-analytical term
corrections [10]. The generalized-gradient approximation
in the parameterization of Perdew, Burke, and Ernzerhof
(PBE) [11] was adopted to describe exchange and corre-
lation. The software PHONOPY was employed to de-
termine the phonon dispersion relations and the phonon
density of states (DOS) from the force-constant matrix,
as well as the heat capacity at constant volume [12].
The experimental single crystal structure parameters for
RhCl3 were used in the calculations, which confirm the
literature data [13].
The convergence of all numerical parameters was care-
fully checked. All VASP calculations were carried out
with the global precision switch “Accurate” employing a
plane-wave cutoff of 400 eV. The grid for augmentation
charges contained eight times the default number and
the convergence criteria for the total energy was set to
10−8 eV. Γ-point calculations for a 4 × 4 × 4 super cell
in terms of the conventional eight atoms unit cell (corre-
sponding to a 4 × 4 × 4 phonon grid partitioning) mesh
were adopted for the present results.
III. RESULTS
The computed phonon DOS and the derived heat ca-
pacity in the low temperature region for RhCl3 are shown
in Figs. S2 and S3, respectively. As is evident, the
phonon spectrum is gapped twice, exhibits a Debye-like
low-frequency behavior, and possesses a band width of
approximately 10.3 Thz. The temperature dependence
of the heat capacity follows a Debye-like T 3 behavior up
to approximately 10 K.
IV. FIELD-INDUCED QCP IN J1–K1–Γ1–J3
HONEYCOMB LATTICE MODEL
A. Modelling
To date, the debate about the most appropriate ef-
fective spin model to describe the magnetic behavior of
α-RuCl3 has not been settled. Most proposals involve
nearest-neighbor Heisenberg, Kitaev, and symmetric off-
diagonal exchanges on a two-dimensional honeycomb lat-
tice; often second- and/or third-neighbor interactions are
invoked as well. Below we will show results for a con-
crete minimal model derived from ab-initio density func-
tional theory, containing nearest-neighbor Heisenberg J1,
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FIG. S2. Phonon DOS for RhCl3. The DOS is normalized to
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FIG. S3. Log-log plot of the heat capacity at constant volume
for RhCl3. The heat capacity is given per formula unit.
Kitaev K1, and off-diagonal Γ1 interaction as well as a
third-nearest-neighbor Heisenberg J3 interaction [14]:
H =
∑
1st nn
[
J1~Si · ~Sj +K1Sγi Sγj + Γ1(Sαi Sβj + Sβi Sαj )
]
+
∑
3rd nn
J3~Si · ~Sj . (S1)
Here, {α, β, γ} = {x, y, z} on a nearest-neighbour z bond,
for example. The spin quantization axes point along the
cubic axes of the RuCl6 octahedra, such that the [111]
direction is perpendicular to the honeycomb ab plane
(sometimes referred to as c∗ axis) and the in-plane [1¯10]
direction points along a Ru-Ru nearest-neighbor bond of
the honeycomb lattice. Trigonal distortion is neglected in
this simple model. The values for the exchange couplings
can be estimated from the ab initio calculations [14];
however, we find better agreement with our experimen-
tal data by using a slightly adapted parameter set that
3has recently been suggested by comparing with neutron
scattering data (at zero field) [15]:
(J1,K1,Γ1, J3) = (−0.5,−5.0,+2.5,+0.5) meV. (S2)
We are interested in the behavior of this model in the
presence of an external magnetic field, i.e., described by
the Hamiltonian H′ = H− gµ0µB
∑
i
~H · ~Si. Here, gµB~S
corresponds to the effective moment of the Jeff = 1/2
states in the crystal. Solving this (or other relevant)
models for quantum-mechanical spins 1/2 requires large-
scale numerics, and detailed studies in an applied field
are lacking.
B. Spin-wave theory for H > Hc
The model (S1) can be solved in the semiclassical limit
of large spin S [16, 17]. At zero field, it has a zigzag an-
tiferromagnetic ground state. At finite ~H ‖ [1¯10] ∈ ab,
the zigzag state cants towards the magnetic field. At
a critical field strength Hc, there is a continuous tran-
sition towards a (partially) polarized high-field phase.
For the critical field we find, in the semiclassical limit,
µ0Hc = 0.586
|K1S|
gµB
' 9 T if we assume the previously es-
timated g factor of g ' 2.8 [18]. Given the fact that our
model does not include any free fitting parameter and in
light of the semiclassical approximation we find the rough
agreement with our experimental finding of µ0Hc ' 6.9 T
satisfactory.
The excitation spectrum in the high-field phase can be computed within spin-wave theory. We employ the Holstein-
Primakoff representation
~Si =
(S − a
†
iai)~n+
√
S
2 (ai + a
†
i )~e+ i
√
S
2 (ai − a†i )(~n× ~e) +O(1/
√
S), if i ∈ A,
(S − b†i bi)~n+
√
S
2 (bi + b
†
i )~e+ i
√
S
2 (bi − b†i )(~n× ~e) +O(1/
√
S), if i ∈ B,
(S3)
with ~n = (−~ex + ~ey)/
√
2 ‖ ~H and ~e = −~ez. ~ex, ~ey, and ~ez are the spin quantization axes. a†i and ai (b†i and bi) are
the magnon creation and annihilation operators at site i on sublattice A (B). To the leading order in 1/S, we find the
spin-wave Hamiltonian
HSW = S
∑
~q∈BZ
[
0
(
a†~qa~q + b
†
~qb~q
)
+ λ0(~q)a
†
~qb~q + λ
∗
0(~q)b
†
~qa~q + λ1(~q)a−~qb~q + λ
∗
1(−~q)a†~qb†−~q
]
, (S4)
with the coefficients
0 = gµ0µBH/S − 3J1 −K1 + Γ1, (S5)
λ0(~q) =
(
J1 +
K1
4
)(
ei~q·~δx + ei~q·~δy
)
+
(
J1 +
K1
2
+
Γ1
2
)
ei~q·~δz + J3
(
e−2i~q·~δx + e−2i~q·~δy + e−2i~q·~δz
)
, (S6)
λ1(~q) =
(
−K1
4
+
iΓ1√
2
)(
ei~q·~δx + ei~q·~δy
)
+
K1 − Γ1
2
ei~q·~δz . (S7)
HSW can be diagonalized by means of a Bogoliubov transformation. The resulting excitation spectrum together with
the corresponding density of states (DOS) for the parameter set of Eq. (S2) is displayed for two different values
of the magnetic field at and above the quantum critical point (QCP) in Fig. S4. The spectrum is gapped for any
H > Hc = 0.586
|K1S|
gµ0µB
(in agreement with the classical critical field strength) with a gap value of
∆(H) = 1.30 |K1S|
(
H −Hc
Hc
)1/2
+O
[
((H −Hc)/Hc)3/2
]
, (S8)
which is roughly of the order of magnitude of the experimentally observed gap. As quantum effects are enhanced
at low energies, we expect Eq. (S8) to receive sizable corrections when magnon interactions are taken into account.
In particular, the true gap exponent νz will deviate from the mean-field value (νz)MF = 1/2 we have obtained here.
This prevents a more detailed quantitative comparison with the experimental gap behavior.
We note, however, that thermodynamic quantities, such as the specific heat at low to intermediate tempera-
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For our model, we have ν = 1/2 at the level of the present mean-field-like approximation.
5tures, should be expected to be lesser affected by our lin-
ear spin-wave approximation, since they predominantly
depend on the parts of the excitation spectrum with a
large density of states, and these are located at higher
energy.
C. Specific heat for H > Hc
The heat capacity is obtained from the spectrum via
Cmag(T,H) =
∑
α=1,2
∑
~q∈BZ
∂
∂T
εα(~q)
exp [εα(~q)/(kBT )]− 1 ,
(S9)
where ε1,2(~q) are the two magnon bands. The result is
given for different magnetic field strengths in Fig. S5(a).
At low temperatures, and H not too close to Hc, the
specific heat is exponentially suppressed,
Cmag(T,H) ' kB
(
ρ0∆
2
kBT
)
e−∆/(kBT ), for kBT  ∆(H),
(S10)
where ρ0 ≡ ρ0(H) is the density of states at the band
minimum. This is shown in Fig. S5(b). Close to the
QCP, on the other hand, the critical part of the specific
heat is expected to follow a scaling law
Cmag(T,H) = T
d/zf±(T/(H −Hc)νz) (S11)
with the spatial dimensionality d = 2, the dynamical
critical exponent z = 1, the correlation-length exponent
ν, and scaling functions f±(x) above (+) and below (−)
the QCP. This is demonstrated for our theoretical data
in Fig. S5(c). As a consequence, directly at the QCP
for H = Hc, the specific heat follows a power law at
low temperatures, Cmag(T,H) ∝ T 2, see dashed line in
Fig. S5(a). For fields H > Hc the low-T specific heat is
gapped, with a gap which depends sublinearly on (H −
Hc), see Fig. S6.
Interestingly, Cmag/T displays a maximum at higher
temperatures, kBT ∼ O(|K1S|). The position of this
maximum shifts approximately linearly with H; this can
be attributed to the shift of the high-energy part of the
spectrum that has a large weight, such as the location of
the van-Hove singularities at εvHs ∼ O(|K1S|) at H =
Hc. The shift of εvHs with field is illustrated in Fig. S6.
Note that the weight near εvHs is particularly large due
to almost flat portions of the magnon bands, arising from
the combination of K1 and Γ1 terms.
We emphasize that it is this specific-heat maximum
which limits the validity of scaling in our theoretical data,
Fig. S5(c). This is not unlike what happens in the ex-
perimental data where scaling is spoiled by the presence
of a small energy scale in the magnon spectrum. Spec-
troscopic investigations of the excitation spectrum at el-
evated fields are clearly called for.
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